Abstract-This paper introduces a novel and effective ranging approach in nonhomogeneous (NH) media consisting of frequency dispersive submedia via time-of-arrival (ToA). Here, the NH environment consists of sublayers with a specific thickness that is estimated throughout the ranging process. First, a novel technique for ToA estimation in the presence of frequency dispersive submedia via orthogonal frequency division multiple access subcarriers is proposed. In the proposed technique, preallocated orthogonal subcarriers are utilized to construct a ranging waveform that enables high-performance ToA estimation in dispersive NH media in the frequency domain. The proposed ToA technique is exploited for multiple ToA measurements at different carrier frequencies, which leads to a system of linear equations that can be solved to compute the thickness of the available submedia and calculate the range. Simulation results for underwater-airborne media and underground channel confirm that the proposed technique offers high-resolution ranging at different signal to noise ratio regimes in the NH media.
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I. INTRODUCTION

R
ANGE measurement is desired in a variety of applications in free space such as digital communications, wireless sensor network, radar, and wireless indoor and outdoor localization [1] - [7] . Ranging also has diverse applications in nonhomogeneous (NH) media, mostly for localization purposes. Here, the term NH refers to a medium composed of diverse frequency dispersive submedia such as human body organs, water, soil, rock, and their combinations with free space. Capsule endoscopy positioning [8] , underwater localization using airborne sensors [9] , or underground target localization via ground penetrating radar (GPR) [10] - [12] are a few applications of ranging in NH media.
Range-based localization is possible via received signal strength [13] , the signal time-of-arrival (ToA) [14] , timedifference-of-arrival [15] , and direction of arrival (DoA) [16] or their combinations [17] . Range-free methods utilize connectivity information [18] . Although some range-free approaches offer simple methods with acceptable performance, they have limitations such as network topology and ranging accuracy, which justify the employment of range-based approaches [19] . Among all the proposed range-based approaches, ToA estimation has received considerable attention because of high precision and low complexity [13] , [14] . ToA estimation techniques are divided into two different categories, the traditional matched filter-based techniques, and superresolution techniques. The former incorporates a predesigned waveform with autocorrelation properties close to the delta function at the output of the matched filter. In the latter, ToA is calculated via maximizing the pseudospectrum of the corresponding signal subspace achievable via decomposition of the matched filter output in the frequency domain [20] , [21] . Examples of superresolution techniques are independent component analysis [22] , maximum likelihood (ML) [23] , multiple signal classification (MUSIC) [24] , and estimation of signal parameter via rotational invariance technique (ESPRIT) [25] . However, the resolution of all the proposed techniques depends on the transmitted waveform bandwidth [22] . Incorporating wideband waveforms in free space is a feasible remedy to achieve high ToA resolution. However, increasing the bandwidth of transmitted waveform in frequency dispersive channels intensifies frequency dispersion [26] - [28] . In the microwave terminology, frequency dispersion refers to the principle that different frequency components of a transmitted electromagnetic (EM) waveform propagates with different velocities due to the frequency dependence of the medium's relative permeability and/or permittivity. Therefore, increasing the transmitted waveform's bandwidth prompts a higher frequency dispersion that alleviates the nonlinear distortion of the transmitted waveform. The nonlinearity nature of the imposed distortion by frequency dispersion leads to a received signal that is barely detectable by the matched filter of transmitted waveform, which dramatically degrades the ToA estimator performance [27] .
To the best of the authors' knowledge, ranging via highresolution ToA estimation exploiting wideband microwave signals in NH media or single medium in the frequency dispersion band is an open problem. Many researchers propose acoustics communication for ToA estimation in underwater or underground media [29] . Although acoustics communication offers high resolution for underwater ToA estimation, it cannot be applied to underwater-airborne channels due to strong reflections and attenuation in the water/air boundary [30] . A few works [10] - [12] , [31] - [33] propose ToA estimation in dispersive medium for specific scenarios that cannot be extended to the NH media. In [10] - [12] , time delay estimation of buried target echoes for GPR is addressed, while the received echoes do not represent frequency dispersion assuming low conductivity and small layer thickness of submedia. Although these assumption can be feasible for dry media, when the water content of media exceeds 10% by weight, the frequency dispersion must be considered due to the dielectric relaxation of water [26] . In [31] , the transmitter location is estimated by combining the measured ToA data with the knowledge about the shape and position of the medium, which is not a feasible assumption in NH media. Sahota and Kumar [32] propose sensor node localization via ToA measurements but the procedure of ToA estimation in soil as a frequency dispersive medium is not discussed. In [33] , ToA estimation of short-range seismic signals in dispersive environments is addressed; however, the system model does not represent the frequency dispersion due to low bandwidth of applied seismic signals.
In this paper, first, high-resolution ToA estimation in NH media consisting of diverse frequency dispersive submedia is addressed. The proposed technique exploits preallocated orthogonal frequency division multiple access (OFDMA) subcarriers to construct a wideband ranging signal. Here, we show that each frequency component of the propagated waveform is received with different time delays and phases, which dramatically increases the number of unknowns in the received signal system model. Then, we propose a novel approach that reduces the number of unknowns by linear approximation of imposed delays and phases to the allocated OFDMA subcarriers in the frequency domain. These justified approximations replace the imposed delays with the delay corresponding to the waveform spectrum center as the desired unknown, which is estimated exploiting ML estimator. Then, the proposed ToA measurement technique exploits different carrier frequencies combined with DoA measurements to construct a system of linear equations as a function of the thickness of the available submedia. Once the thicknesses of the available submedia are estimated, the straight-line range between the transmitter and the receiver is achievable, accordingly.
Here, underwater-airborne channels and underground channel consisting of several layers with different water content exploiting wideband microwave signals are considered as examples of NH media. The proposed NH media are simulated according to the state-of-the-art channel and propagation models for seawater [28] and underground [34] - [36] . Simulation results prove the feasibility and efficiency of the proposed technique in terms of ToA resolution and ranging error compared with the allocated bandwidth of the transmitted waveform.
The rest of this paper is organized as follows. Section II introduces the proposed ToA estimation technique. The proposed ranging approach is presented in Section III. Section IV represents the simulation results and discussions and finally Section V concludes this paper.
II. HIGH-RESOLUTION ToA ESTIMATION
A. System Model
The process of ToA estimation initiates with the transmission of ranging waveform. Here, 2K OFDMA subcarriers are utilized to construct the ranging waveform corresponding to
where N and T s are the total number of available subcarriers or the number of waveform samples, and sampling interval, respectively, which leads to a ranging waveform of length N T s . Moreover, m k , f , and S k are the frequency index of the kth subcarrier, the OFDMA subcarrier spacing, and the kth frequency-domain symbol known at both the transmitter and receiver, respectively. Here, random Quadrature Phase Shift Keying symbols are allocated to S k , which leads to a feasible peak to average power ratio.
To maintain orthogonality across subcarriers, subcarrier spacing must satisfy f = 1/(N T s ) which leads to
where N, f , T s , S k , and m k and K are defined in (1) . In (1), 2K symmetric subcarriers are allocated to construct the ranging waveform, where m k is the frequency index of the kth subcarrier such that
where N is defined in (1) and 2K denotes the number of allocated subcarriers. Here, symmetric subcarriers are selected to construct a uniform waveform in the frequency domain, which enables a linear approximation of the imposed delay to each subcarrier (see Remark 1) . The sequence of baseband waveform samples detailed in (2) are passed through a dual channel digital-to-analog converter, with sampling interval T s to construct the analog form of ranging waveform. The created baseband signal is transmitted through the NH channel after upconversion to the carrier frequency f c . The received signal corresponding to the transmitted waveform in NH channel consisting of several frequency dispersive submedia can be represented by the aggregation of the delayed version of frequency dispersed waveforms from L propagation paths, that is
where r (t) ands i (t) are the received signal and the frequency dispersed version of the ranging waveform propagated at the i th path of NH medium with channel impulse response (CIR)
. Moreover, τ i and v(t) are the time delay of propagation at i th path and additive white zero mean Gaussian noise, respectively. Here, the line-of-sight (LoS) path is considered for the received signal due to very high attenuation corresponding to the reflected copies of transmitted waveform through non-LoS paths (see Section IV-A for more details on simulated media) which leads to
where r (t) ands(t) are the received signal and the frequency dispersed version of the ranging waveform propagated from the LoS path of NH medium with complex value CIR, h. Moreover, it is assumed that the relative permeability of all submedia is equal to unity; however, the relative permittivity changes with the frequency of transmitted waveform. Pahlavan et al. [27] have discussed the challenges of ToA estimation in media consisting of frequency dispersive submedia such as the human body. Regarding the dependence of propagation velocity on relative permittivities of available submedia,
1/2 ) (where c denotes the universal constant speed of light), frequency dispersion of the transmitted waveform at receiver is inevitable. This leads to a receiving waveform with higher frequency components that arrive faster than lower frequency components as the propagation velocity is the function of the relative permittivity [27] . Thus, for the dispersed version of the ranging waveform we can writẽ
where S(ω) is the Fourier transform of the transmitted waveform s(t), and τ (ω) and 2|ω K | are the time delays imposed by the LoS path into the waveform component with a frequency of ω and the bandwidth of transmitted waveform, respectively. Applying (5) to the dual channel analog-to-digital converter with sampling interval T s , leads to
where N, T s , S l , and m l and K are defined in (1) and (3), respectively. Moreover, y n and v n are the nth sample of the baseband received signal and additive, white zero-mean Gaussian noise, respectively, and τ l is the delay corresponding to the lth frequency component propagated from the LoS path. According to the ToA definition, it is desired to estimate the delay corresponding to the first arrived component (m l = K ) of the transmitted signal propagated from the shortest path, which is equivalent to the value of τ K . However, here, a novel technique is proposed, which exploits frequency domain analysis to estimate τ 0 that represents the delay corresponding to the spectrum center of the transmitted waveform m l = 0, propagated from the LoS path. In Section III, this value is exploited to estimate the range between the transmitter and receiver.
B. Proposed ToA Estimation Technique
This section presents the proposed ToA estimation technique considering that N r samples of the received signal proposed in (7) are available at the receiver. Here, the receiver selects N r such that the maximum possible range is covered. Considering the low range propagation of microwave in dispersive media such as water and soil, here it is assumed that the τ 0 ≤ (N − 1)T s , which is a feasible assumption considering the proposed values of N in Section IV.
Considering N possible samples corresponding to propagation delay and signal expansion due to frequency dispersion, the receiver selects N r = 3N samples from the time origin and converts them into the frequency domain applying discrete Fourier transform. Here, the time origin is achievable for both the transmitter and receiver via clock synchronization or more feasible techniques such as round-trip [37] . Therefore, 2K samples of the received signal in frequency domain are achievable via
Moreover, y is 3N samples of the received signal in time domain defined by y = [y 1 , y 2 , . . . , y 3N−1 ] T where y n is defined in (7) .
Considering (7) as the time domain system model for the received signal, the system model for kth element of the received signal at frequency domain achievable via (8) can be written as
where N, T s , S k , and m k and K are defined in (1) and (3), and V k is the kth sample of additive noise at the frequency domain. Moreover, τ l is the delay corresponding to the lth transmitted subcarrier received from the LoS path. Considering the orthogonality of transmitted subcarriers (e j ((2πnm l )/N) ) and columns ofW and applying some mathematical manipulation, (9) corresponds to
where N, T s , S k , and m k and K are defined in (1) and (3), and τ k and V k are defined in (9) . The proposed system model in (10) represents 2M nonlinear equations corresponding to 2M allocated subcarriers, each containing (2M +1) unknowns (2M for τ k , for k ∈ κ and one for h). The very fact that solving a system of 2M nonlinear equations for (2M + 1) unknowns leads to infinitely many solutions (or no feasible solution) demands for reducing the number of unknowns. Considering (10) as the system model for the received samples in frequency domain and known transmitted OFDMA symbols (S k ), the receiver calculates
where N, T s , and τ k are defined in (1) and (10), respectively. Moreover,Ṽ k is the additive measurement noise defined
. Substituting m k+K by N − m k according to (3) , and applying some mathematical manipulations, (11) can be written as
k+K Ts +Ṽ k (12) where N, T s , τ k , andṼ k are defined in (1), (10) , and (11), respectively. Here, a set of K -independent equations including 2K unknowns are available, which leads to infinitely many solutions (if available). However, it can be shown that (see Remark 1) the imposed delays to transmitted subcarriers can be approximated as a line that enables replacing 2M undesired unknowns with one desired unknown. Remark 1: The 2M unknowns in (12) corresponding to the imposed delay by frequency dispersion to the kth subcar-
and c denotes the universal speed of light, T s and K are defined in (1) and (3), respectively, and η is an arbitrary small number η < 1. Moreover, ε r,m,k and r m are the relative permittivity of the mth media at the kth subcarrier frequency, and its corresponding propagation range, respectively. Substituting the actual and approximated values of delays proposed in Remark 1 into the approximation error bound
, it can be shown that given any NH media consisting of M submedia satisfying
Remark 1 holds. Here, the slope of approximated line is chosen according to the slope of the spectrum center of the actual delays curve τ K +1 − τ K , while the constant value is selected to approach the approximated line to the value of τ 1 . Assuming all imposed delays (τ k ) are placed on the approximated line, the average of all equally spaced delays from line center, i.e., τ k and τ k+K are the same and equal to τ 0 , which is defined as the delay corresponding to the spectrum center of the transmitted waveform or the desired ToA. Therefore, 2K unknown delays in (12) can be replaced by applying (τ k + τ k+K ) = 2τ 0 , which leads to
NTs e j 2πτ k+K Ts
+Ṽ k (15) where N, T s , τ k andṼ k are defined in (1), (10), and (11), respectively. The proposed system model in (15) forms K nonlinear and noisy equations containing one desired unknown τ 0 , and K undesired unknowns τ k+K for k = 1, 2, . . . , K . Substituting τ k+K with its corresponding coarse and fine delays such that τ k+K = (n k+K + δ k+K )T s , gives
where N and T s are defined in (1), τ 0 is defined in (15) , and δ k is the fine delay corresponding to the kth transmitted subcarrier such that 0 ≤ δ k ≤ 1. Although the values of fine delays (δ k ) are negligible in terms of delay, ignoring them dramatically degrades the system model accuracy due to the impact of the exponential term, or e j 2πδ k+K . Remark 2 proposes a linear approximation of the fine delays δ k+K for k = 1, 2, . . . , K , which reduces the number of unknowns proposed in (16 
and T s , and K and m k are defined in (1) and (3), respectively, and c, η, ε r,m,k , and r m are defined in (14) . Substituting the actual and approximated values of fine delays in the approximation error bound regarding Remark 2 (|δ k+K −δ k+K | ≤ ηT s ), it can be shown that given any NH media consisting M submedia satisfying
given
, Remark 2 holds. Here, the slope of approximated line proposed in Remark 2 is selected according to the slope of the actual fine delay curve at the first point δ K +2 − δ k+1 , while the constant value is selected to approach the approximated line to the last value of actual fine delay curve δ 2K . Exploiting Remark 2, the term e j 2πδ k+K in (16), can be approximated by x 0 e − j ((4πm k )/N)β , for x 0 = e j 2π(β +δ 2K ) and β = ((Nβ )/2). Substituting (16) , the final approximation of the proposed system model for the received signal in the frequency domain corresponds to
where α = (τ 0 )/(T s ), and β, denoting that two unknowns need to be estimated to reveal τ 0 .
Defining n (1) = 2(α + β), it can be shown that (see Appendix A), the ML estimator of n (1) can be written asn
where (19) . Exploiting (20) , one can estimate (α + β), however, at least one linearly independent equation in terms of α and β is required to estimate the desired ToA via τ 0 = αT s . Here, we propose repeating the entire measurement procedure applying the same number of allocated subcarriers (2K ) and waveform samples (N), while the sampling interval is changed, for instance to T
is the new sampling interval at the pth ( p ≥ 2) measurement.
Considering static channel where the propagation paths and hence their corresponding delays do not change during P measurements, the delay corresponding to the spectrum center of the transmitted waveform τ 0 , is the same at each measurement, however, the time delays corresponding to other frequency components change accordingly. This fact reveals another advantage of estimating the time delay corresponding to the spectrum center of transmitted waveform in NH media.
Applying T
( p) s
= pT s to (16), the frequency-domain samples at the pth measurements can be written as
where N and τ 0 are defined in (1) and (15) 
where N, K , and m k , and α, β are defined in (9) and (20), respectively. Therefore, considering P independent measurements applying T
. . , P, and λ = [α, β] T leads to
and w T n is defined in (20) . The performance of the proposed ToA estimator depends on the precision of the ML estimator in (24) , which estimates the value corresponding to 2(α + (β/ p)). However, the returned value by (24) is the time index and hence 0 ≤n ( p) ≤ N − 1; meanwhile, the value of 2(α + β) can be a negative number or larger than N. In this case, the estimated value of 2(α + (β/ p)) via (24) would be different from its actual value. In order to resolve this issue, the estimated ToA viâ τ 0 = αT s needs to be inspected regarding its acceptable range 0 ≤τ 0 ≤ (N −1)T s as follows. If 2 (α + β) > N, the returned value by (24) would be 2 (α + β) − N. Applying this value to (23c) shifts the estimated α by N point to the left, which leads to α < 0. Thus, if α < 0, (23a) should be solved again using 
Computen ( p) using (24). 6 : end for 7: Compute λ using (23a)-(23c). 8: if α < 0 then 9: Compute λ using (23a),(23b), and (25). 10 : else if α ≥ N then 11: Compute λ using (23a), (23b), and (26 (24), respectively. If 2 (α + β) < 0, the returned value by (24) would be N − 2 (α + β). Applying this value into (23c) shifts the estimated α by N point to the right which leads to α > N. Thus, if α > N, (23a) should be solved again using
wheren ( p) is defined in (24) . Algorithm 1 details the proposed high-resolution ToA estimation technique in NH medium considering ToA measurements applying P different sampling interval. In the next section, a novel technique exploits the proposed ToA estimation approach to reveal the range between the transmitter and receiver nodes.
III. RANGING IN NH MEDIA
Due to varying EM features in NH media, regardless of the error imposed by EM dispersion, multipath and noise, the ToA measurement proposed in Section II-B cannot reveal range between the transmitter and receiver. Fig. 1 depicts an example where there is an NH channel between the transmitter and the receiver. Here, the addition of propagation path vectors at each submedia (r i ) is greater than the straight-line propagation path (r ) between the transmitter and receiver.
Moreover, the propagation speed at each medium (v i ) is lower than the free space speed of light (c), which leads to higher measured ToA. In addition, based on Snell's law, the angle of the EM wave changes at the media boundary. Thus, there is no guarantee that the last measured incident angle at the receiverθ M will be equal to the straight-line propagation angle, θ . Hence, a straight-line range measurement procedure needs to be applied, exploiting multiple measured ToA. Fig. 1 depicts the 3-D model for signal propagation in NH media. Here, we intend to estimate the range between the transmitter and receiver, which is the straight-line distance (27) whereτ 0 , r m , ε r,m , and v τ are the estimated ToA, the range of propagation path and the relative permittivity in mth submedia, and ToA measurement error, respectively, and c and M are defined in (14) . It can be observed that the proposed system model in (27) cannot be solved for the desired range r , regarding M available unknowns {r m } M m=1 . In order to address this problem, we propose to exploit a frequency-test scheme by repeating the ToA measurement scenario applying Q different carrier frequencies. Employing this technique, each ToA measurement provides an independent equation as a function of propagated ranges as the EM features of available submedia change by the applied carrier frequency. The qth measured ToA can be written aŝ
A. System Model
r,m , and v (q) τ are the estimated ToA, the range of propagation path and relative permittivity in mth submedia and ToA measurement error, all at qth measurement, respectively, and c and M are defined in (14) . It can be observed that each equation in (28) is the incident angle of mth submedia at qth carrier frequency,
), and
1/2 , (28) can be written aŝ
whereτ
r,m , and v (q) τ are defined in (28) , z m denotes the thickness of mth submedia, and θ (q) M denotes the DoA corresponding to the qth measurement at Mth submedia (last submedium including receiver) as shown in Fig. 1 . Considering (29) , it can be observed that the set Q measured ToA can be represented as a linear combination of M available submedia given the measured DoA at each measurement step. Here, it is assumed that the receiver enjoys array antenna, which allows DoA estimation to recreate state-of-the art techniques such as ESPRIT [20] and Root-MUSIC [38] . These approaches are applicable to NH media consisting of frequency dispersive channels as they utilize a single subcarrier that is free from frequency dispersion. For more information about DoA estimation methods and approaches, we refer the readers to [22] .
B. Proposed Technique
Considering Gaussian distribution with zero mean and variance σ 2 v for ToA measurements noise, the ML estimation of thickness of the available submedia can be derived by solving the following optimization problem: and z m are defined in (28) and (29), respectively. The least square solution for the proposed ML estimator in (30) , can be represented bŷ
where the (.) −1 and (.) T operands denote operands for matrix inversion and transpose, respectively, andẑ
whereẑ m denote the estimation of mth submedia's thickness, andτ (28) and (31), respectively. Given the estimated thickness of the available submedia using (32) , it can be shown that (see Appendix B), the propagation range between the transmitter and receiver is achievable viar
r,m and θ (q) M , andẑ m are defined in (28) and (32), respectively. In the next section, the performance of high-resolution ToA estimation and range measurement are discussed, considering different NH channels. 
IV. SIMULATIONS RESULT AND DISCUSSIONS
This section discusses the simulation method, parameters, and results in three parts. First, details of the applied NH media and transmitted waveform are introduced in Section IV-A. Then, simulations results for the proposed high resolution ToA estimation utilizing Algorithm 1 are proposed in Section IV-B. Finally, the performance of the proposed range measurement technique is evaluated at different scenarios.
A. Details of Simulated NH Media
In this paper, two different media with diverse physical characteristics are considered to evaluate the performance of the proposed ToA and range estimation techniques in different scenarios. Fig. 2(a) depicts airborne to shallow underwater as the first NH media. For the second media, a multilayer underground channel with different water content (ρ) at each layer is selected as shown in Fig. 2(b) . Table I details the parameters definition, their corresponding symbols, and simulations applied value for airborne to water and underground channels. The applied relative permittivities for seawater are simulated using the Debye model for saltwater [28] . The applied values of relative permittivities for underground channel versus carrier frequency are proposed in Table II , using soil dielectric spectra for different volumetric water contents in 20°C proposed in [34] .
Although underwater channel modeling including path-loss measurements and/or multipath characterization are discussed for underwater acoustic [39] and optical communications [40] , a few works [28] , [30] propose channel modeling and path loss measurements of wideband microwave propagation in seawater. In [28] , the propagation measurements exploiting waveform covering the whole band between 800 MHz and 18 GHz is proposed. It can be observed that the attenuation of the propagated signal in saltwater can be modeled via e −α( f )d , where α( f ) and d represent the attenuation coefficient as a function of carrier frequency and propagation range, respectively [28] . Here, the surface of water is considered rough due to natural effects such as wind-induced waves. As shown in Fig. 2(a) , a rough interface creates multiple resolvable paths arriving with different incident angles to the receiver. The paths are resolvable because the difference in ToA is more than the sampling time. Moreover, a multipath leads to DoA estimation error. In this paper, we have included the impact of error in DoA estimation. We consider multipath channels with five resolvable paths to evaluate the performance of the proposed technique in the presence of a rough interface. The delay corresponding to the transmitted waveform spectrum center of each path is selected uniformly within [τ 0 , 2τ 0 ], where τ 0 denote the selected delay of the shortest path. The path attenuation is calculated exploiting the model proposed in [28] .
For underground medium, the LoS path is considered and the reflected copies from layer boundaries are neglected due to very high attenuation. Here, the path loss of underground channels is simulated according to the model proposed in [35] and [36] . Fig. 3(a)-(d) depicts the average error of estimated ToA for underwater-airborne medium considering multipath channels. Details of simulation parameters and underwater-airborne channel are discussed in Section IV-A. In Fig. 3(a)-(d) , the average ToA error is evaluated versus SNR for N = 512, 1024, 2048, and 4096, respectively, where N denotes the length of the transmitted waveform. As shown in Fig. 3 , increasing the number of allocated subcarriers improves the average ToA estimation error at medium to high SNR regimes [see Fig. 3(a)-(d) ]. This improvement is acquired as allocating a larger number of subcarriers increases the frequency domain samples in (19) . In the proposed technique, ToA is acquired from estimating the frequency of X k in (19) using (20) . Exploiting more samples improves the precision of interpolated signal, X k , and hence, more accurate estimation can be proposed by applying (20) . Moreover, it is observed that increasing N by applying the same number of allocated subcarriers K , decreases the performance of the proposed technique as shown in Fig. 3(a) and (b) . This is due to the fact that increasing N decreases the subcarrier spacing at OFDMA subcarrier, which leads to a lower bandwidth of transmitted signal. However, the ToA estimation limit is achievable by increasing the number of allocated subcarriers K , as shown in Fig. 3(c) and (d) . Moreover, in Fig. 3(a) and (b) , it can be observed that the average ToA estimation error increases at higher allocated subcarriers and low SNR regimes for shorter waveform lengths. In addition to the positive impact of increasing the number of allocated subcarriers at medium to high SNR regimes, exploiting a larger number of subcarriers extends the in-band noise power, which affects the ToA estimator performance at low SNR regimes, specifically at higher subcarrier spacing values (shorter signal length at fixed sampling time). This outcome is observed in Fig. 3(a) and (b) for K = 50 and 25 for −4 dB ≤ SNR ≤ 0. Therefore, it is concluded that the best ToA estimation is achievable via increasing the number of allocated subcarriers K , and the transmitted waveform length N, simultaneously as shown in Fig. 3(c) and (d) for K = 25 and 50. The same results are observed for the underground medium depicted in Fig. 4(a)-(d) . Here, the same parameters and channel proposed in Section IV-A are applied. As shown in Fig. 4(a)-(d) , the proposed technique performs accurately at medium to high SNR regimes, specifically for large numbers of allocated subcarriers and waveform lengths. Comparing Figs. 3 and 4 it is observed that the average ToA error converges to the T s /2, which is the minimum average error achievable via coarse ToA estimation.
B. Performance Analysis 1) ToA Estimation:
Moreover, moving from Figs. 3(a)-(d) and 4(a)-(d) we observe that increasing the transmitted signal bandwidth improves the ToA estimation error. This observation is consistent with our expectation that increasing the bandwidth in a flat fading channel improves the ToA estimation performance. Here, a one-tap channel is considered as shown in Table I and underground, where we only consider one path between the transmitter and receiver as the effect of other paths due to path loss is ignorable.
2) Range Estimation: Fig. 5 (a) and (b) depicts the impact of the number of applied measurements (ToA and DoA) and the average ToA measurement error given perfect DoA measurements on the estimated range for underwater-airborne and underground channels, respectively, considering N = 4096 and K = 50. It is observed [see Figs. 3(d) and 4(d) ] that the average ToA estimation error is less than or equal to 5 ns for SNR(dB) ≥ 0 for N = 4096 and K = 50. Therefore, applying the same parameters (N = 4096 and K = 50), here we have evaluated the average range error versus the average ToA measurement error less than or equal to 5 ns. It is observed that the proposed technique offers the average range error less that 1 m for underwater-airborne and underground channels at ToA measurement error around or less than 2 ns, which is achievable at SNR(dB) ≥ 4. Moreover, it is observed that the average ranging error decreases by increasing the number of applied measurements as expected. Fig. 6 (a) and (b) depicts the impact of the number of applied measurements (ToA and DoA) and average DoA measurement error given perfect ToA measurements on the estimated range for underwater-airborne and underground channels, respectively, considering N = 4096 and K = 50. It is observed that the proposed technique offers proper range estimation even at imperfect DoA measurements. Furthermore, it is observed that the average ranging error is decreased by increasing the number of applied measurements for all the applied DoA measurement errors as expected.
Comparing Figs. 5 and 6, the feasibility of the proposed technique on different values of the desired range can be evaluated. As shown in Fig. 5(a) and (b) , the ranging error for two different range values (30 and 150 m for underwaterairborne and 10 and 25 m for underground) are the same at perfect DoA measurements. However, it is observed that the ranging error corresponding to larger range values are higher as shown in Fig. 6(a) and (b) . This is due to the impact of DoA on ranging utilizing the estimated thicknesses according to the final range estimation equation proposed in (34). Therefore, it should be noted that higher precision DoA measurements are required in scenarios with a larger range between the transmitter and receiver.
V. CONCLUSION
In this paper, a novel technique for ToA-based range measurements in NH media consisting of frequency dispersive submedia via OFDMA subcarriers is proposed. Here, ToA is measured in frequency domain utilizing OFDMA subcarriers and sampling time diversity. Then, considering multiple ToA/DoA measurements recruiting different carrier frequencies, a set of linear equations is constructed, which is solved for available submedia's thickness and hence, straight-line range between the transmitter and receiver. The performance of the proposed technique is evaluated via simulations considering underwater-airborne and multilayer underground scenarios as two NH media with different physical characteristics according to realistic propagation and channel models. The simulation results indicate that the proposed technique offers high-resolution ToA estimation and hence precise ranging, especially for a large number of allocated subcarriers with long lengths for low to high SNR regimes.
The proposed technique opens a new research area in localization and scanning technologies such as Light Detection and Ranging and GPR in frequency dispersive NH media, where no resolution restriction is needed to prevent the frequency dispersion of ultrawideband waveforms. Moreover, the proposed ToA estimation technique approximates the overall imposed delays into subcarriers by a line and estimates the delay corresponding to the spectrum center. Applying the same idea, the slope of the approximated line is estimated to reveal the imposed delays into each subcarrier and equalize them in time domain. This enables very high data rate transmission exploiting OFDMA subcarriers in frequency dispersive NH media.
APPENDIX A DERIVATION OF THE ML ESTIMATOR Substituting 2(α + β) with n in (19) , K -independent measurements correspond to
whereṼ k denote the frequency domain noise. Assuming zero mean Gaussian distribution forṼ k , the likelihood function of measurements can be written as
where σ 2 V is the variance of frequency domain noiseṼ k , ∀k = 1, 2, . . . , K and m k , N, and K , and z 0 are defined in (9) and (19) , respectively.
The ML estimator of n, can be represented by maximizing the proposed log-likelihood function with respect to n such that n = argmax 
